■ INTRODUCTION
Owing to current economic, social, and environmental challenges, the manufacture of chemicals requires increased innovation at the chemistry/engineering interface. 1 As a consequence, the development of novel synthetic procedures, which focus on the use of inexpensive raw materials, higher energy efficiency, and improved separation and recovery of products, has become increasingly important. 2 As an example, biphasic CO 2 /H 2 O mixtures have attracted great interest as reaction solvent systems because the separation of products and catalysts can be facilitated by their preferential partitioning in either phase. 3, 4 The solvating power of dense CO 2 for small apolar molecules, 5, 6 as a liquid or supercritical fluid (at ≥30°C/ 74 bar), combined with the polar nature of water, forms an ideal renewable solvent environment for solubilizing a wide range of molecules. Furthermore, the low mutual solubility of either solvent in the other allows hydrophobic and hydrophilic compounds to partition and separate at the CO 2 /H 2 O interphase. 7 Mixing of the phases may be implemented by ultrasound-induced dispersion. 8 Following separation of the aqueous phase and depressurization of the reactor, CO 2 -soluble species collect as a residue that is virtually solvent-free. Catalyst activity and recycling may be improved by designing specifically tagged compounds that can be trapped in either the CO 2 phase 9−12 or water phase 13, 14 to facilitate their isolation and recovery. Reactions in a CO 2 /H 2 O biphase must in general show tolerance to a moderately acidic medium (the reversible reaction between CO 2 and H 2 O generates carbonic acid, with a resulting pH of 3−4) 15 and to an aqueous environment. A 1 dm 3 high-pressure ultrasound reactor was previously employed for evaluating the mass transfer of benzaldehyde and hydrolysis rates of benzoyl chloride in a CO 2 /H 2 O environment. 16 In the present study, the same reactor methodology was adopted for improving product separation and recovery in an important C−C bond-forming reaction, specifically the Barbier allylation of aldehydes to afford synthetically valuable homoallylic alcohols. It was envisaged that replacement of the organic−aqueous mixture with a CO 2 /H 2 O biphase would minimize the need for fossil-derived solvents and considerably reduce the material and energy required in subsequent work-up stages for separation/extraction of the product from the aqueous phase. Barbier reactions are operationally simpler than the corresponding Grignard reaction, allowing the onestep addition of an in situ-generated allyl nucleophile into an electrophile (typically an aldehyde) (Scheme 1). 17 The reaction proceeds via nucleophilic attack by the allylmetal on the aldehyde to afford a synthetically versatile homoallylic alcohol product. Given the appeal of such reactions, efforts have been made to improve their industrial aspects, including the use of ionic liquids as solvents, continuous flow, and solvent-free conditions. 18−20 Indium and zinc have both been identified as efficient nontoxic metals, capable of mediating allylations in aqueous media. For example, the indium-mediated allylation of benzaldehyde has also been reported in liquid CO 2 in a 10 cm 3 reactor (82% yield of the homoallylic alcohol product after vigorous stirring for 48 h), although the reaction required a quenching step with concentrated hydrochloric acid ex situ. 21 In contrast, the method reported in this work offers the opportunity for the combined reaction (with shorter reaction times) and separation to be carried out in situ. Zinc dust has been previously shown to mediate efficient allylations in organic solvents and is a cheaper alternative to indium. 22, 23 Therefore, we postulated that this metal would be a good choice for carrying out preliminary investigations into the Barbier allylation of aldehydes in a CO 2 4 Cl, NaH 2 PO 4 , and KH 2 PO 4 were purchased from Sigma-Aldrich in >98% purity and used as received. Liquid CO 2 was supplied by BOC U.K., CP grade, with a given purity of 99.995%. Distilled water was used in all experiments. All valves, fittings, and tubes were purchased from Swagelok.
Sonic Processor and Probe. Ultrasound was generated by a 20 kHz VCX-1500 W processor (Sonics & Materials, CT, U.S.A.), coupled to a titanium alloy horn with tip diameter 1.9 cm. The amplitude setting could be varied 20−80%, while the pulse rate was 25% (1 s ON/3 s OFF) for all experiments. A calorimetric calibration allowed the intensity of the acoustic power dissipated to the fluid to be evaluated as approximately 70 W cm −2 . General Procedure for Allylation Reactions in CO 2 /H 2 O. The experimental setup is depicted in Figure 1 . A high-pressure reactor (Parr, U.S.A.) consisting of a cylindrical 1 dm 3 stainless steel vessel modified for ultrasound (item 6) was utilized for the Barbier reactions. In order to avoid any reaction from taking place during CO 2 addition, as might happen were all of the reagents to be added to the reactor at the outset, the aldehyde or the aldehyde/allyl halide mixture was injected (via item 5) into the pressurized CO 2 /H 2 O mixture containing the metal.
The reactor was heated by an electric heating jacket (temperature controller Parr 4838 with J type thermocouple in a reactor thermowell) until the desired temperature was reached. In a typical experiment, zinc dust (8 g, 122 mmol), allyl bromide (10.6 mL, 122 mmol), n-decane (as an internal standard, 0.5 mL, 2.5 mmol), and H 2 O (580 mL) were added to the reactor. The vessel was sealed and charged with CO 2 to the desired pressure. CO 2 was delivered to the reactor at a flow rate of ∼40 g min −1 via a high-pressure pump, P1, (Thar Instruments), electronically connected to a PC. The amount of CO 2 entering the reactor was recorded via a mass flow meter (Rheonik) positioned in-line before the pump. PhCHO (61 mmol) was injected into the flowing CO 2 stream via a six-port valve fitted with a bypass tube of known volume (6.22 mL or 16.22 mL when both reagents were coinjected). Ultrasound was immediately commenced, and the contents were sonicated for the required time. Water cooling was employed with a peristaltic pump (Watson−Marlow) so that isothermal conditions could be maintained throughout the experiment. Upon completion of the reaction at 60°C/120 bar, the CO 2 density (0.43 g cm −3 ) was increased by quickly cooling the reactor with cold water to 30°C/80 bar (0.7 g cm −3 ) and continuing sonication for 1 h, in order to maintain constant CO 2 solvation during the separation stage and therefore remove bias due to differences in solubility.
For macroscopic visualization of CO 2 /H 2 O dispersions generated by ultrasound, the reactor contents were circulated through a pyrex tube at a flow rate of 20 cm 3 min −1 by a dual piston HPLC pump (Jasco PU-2087). The pyrex tube (OD = 8 mm) high-pressure connection was achieved by bonding the inside wall of the pyrex to a 1/16 in. PEEK tube using Araldite adhesive.
Sampling and Analysis. After stopping sonication, samples originating from the CO 2 phase were slowly bubbled through cold acetone by opening valves V3 and V4. The pressure was kept constant between each sampling by topping with fresh CO 2 through the use of the BPR. A heating coil wrapped around the depressurization tube (Barnstead electrothermal regulator) prevented freezing of the contents due to expansion of CO 2 . Aqueous samples were taken from a line originating from a 14 cm 1/4 in. stainless steel dip tube immersed in the reactor. In order to minimize the presence of particulates in the samples, two sintered filters (Swagelok, 0.5 μm pore) were fitted in-line with each sampling tube. Following depressurization of the reactor, samples were also taken from the aqueous suspension (50 mL) and were Buchner filtered and washed with Et 2 O (20 mL) and the filtrate extracted with Et 2 O (2 mL × 50 mL). Aliquots taken from each sample were analyzed by gas chromatography (Shimadzu GC-2010, with autosampler and injector AOC-20, equipped with a DB-5 column and an FID). Calibrations with the respective product and PhCHO standards allowed for calculation of the yields and selectivities. The yields of homoallylic alcohol products arising from other aldehydes were calculated by the GC conversion relative to the unreacted starting aldehyde. The fractions containing the desired homoallylic alcohol product were concentrated in vacuo and analyzed by 1 H NMR (at 300 MHz) and 13 C NMR spectroscopy (at 100 MHz). Data were identical to those reported in the literature (Supporting Information). Figure  1 ), was connected to the ultrasound reactor (item 7, Figure 1 ) and kept between 30−40°C by two electric heating plates connected to a dedicated controller and monitored by an immersed J type thermocouple. Two valves were positioned in line in order to control the CO 2 flowing into and venting out of the cell. Each cycle may be summarized as follows. The valve before the cell (Metering valve, Swagelok) was slowly opened so that the pressure in the cell did not exceed 30 bar. The resulting pressure drop in the ultrasound vessel was rectified by topping up with CO 2 . The valve after the cell was slowly opened to vent CO 2 gas, while the condensate crude oil product remained in the cell. Following ∼1 h of separation cycles, the crude oil was collected and weighed in a preweighed glass vial. An aliquot was dissolved in acetone and analyzed by GC.
■ RESULTS AND DISCUSSION
Ultrasonic irradiation of the liquid CO 2 /H 2 O mixture generated a fine emulsion that lasted for several minutes ( Figure 2 ).
Ultrasound in the presence of CO 2 is not expected to lead to "true" sonochemical effects arising as a consequence of the high temperatures generated during adiabatic compression of cavitation bubbles. 24 This is due to the low ratio of specific heats, γ, for CO 2 compared to the high ratios observed for mono-and diatomic gases. Nevertheless, cavitation in the presence of a liquid CO 2 /H 2 O mixture will lead to physical effects such as emulsion formation, which may have important implications in relation to mixing and mass transfer phenomena. Indeed, we showed that sonication increased the mass transfer rate of benzaldehyde from CO 2 to water by 2 orders of magnitude relative to the "silent" case (without sonication or any other form of agitation). 16 An initial investigation using benzaldehyde and allyl bromide found that commercially available zinc dust could be employed in CO 2 /H 2 O mixtures at 30°C/80 bar, affording moderate to high yields of the desired homoallylic alcohol product within 2 h ( Table 1) . Failure of the reaction to initiate under "silent" conditions ( Table 1 , entry 1) supported our previous observations, further illustrating the importance of ultrasound for effecting a reaction through improved mixing of the biphase.
In aqueous allylation reactions, the formation of the homoallylic alcohol product may be blocked by competing protodemetalation of the in situ-generated allyl metal species. 23 Indeed, this competing reaction presumably accounts for the observation that when the allyl bromide/zinc mixture was sonicated for 1 h before adding benzaldehyde to the reactor, the homoallylic alcohol product was not observed despite observing disappearance of the allyl bromide (by GC analysis). Fortunately, protodemetalation did not compete with the desired allylation when the reaction was performed under typical Barbier conditions (one-step addition of both reagents to the vessel containing the metal). However, a competing reaction was the metal-mediated reduction of benzaldehyde to benzyl alcohol. The formation of the reduction product has been ascribed to the reaction of the reduced aldehyde radical anion with water. 25 The reduced product was not observed in allylations, which were carried out at atmospheric pressure in only water, suggesting that Brønsted acid catalysis by carbonic acid could enhance this reduction pathway. In support of this, carbonic acid has been previously successfully exploited as a proton source for the zinc-mediated reduction of nitroarenes in a CO 2 /H 2 O mixture. 26 Fortuitously, in the present system, the benzyl alcohol reduction product was present in only trace amounts in the CO 2 phase compared with the homoallylic alcohol product. The partition coefficient of benzyl alcohol in CO 2 /H 2 O is much lower than its octanol/H 2 O equivalent (K CW = 0.5 and K OW = 12.6, based on molar concentration). On the other hand, for the homoallylic alcohol product, the "apparent" K CW was 9. Together with its higher yield, this led to an advantageous enrichment of the desired allylation product compared with the primary alcohol reduction product in the CO 2 phase.
Surfactants may be employed in water as a method for replacing the organic phase while increasing the surface area over which reactions take place. 28 If the rate-determining step occurs at the interface, rate enhancements may potentially be observed under conditions that generate higher interfacial areas. 29 In order to explore whether the reaction could be improved under conditions of increased interfacial area, the progress of the allylation was monitored over time in the presence and absence of 1 wt % Tween 80, a biocompatible nonionic surfactant. Surfactant-free CO 2 /H 2 O emulsions, generated by ultrasound, have been shown to form simultaneous C/W (where the CO 2 phase is dispersed in the H 2 O phase) and W/C (where the H 2 O phase is dispersed in the CO 2 phase) environments, with droplets ranging between 9−15 μm in diameter and the volume fraction of each phase dispersed in the other being between 5−10%. 30 The inclusion of surfactants in the CO 2 /H 2 O systems also allows the formation of emulsions or microemulsions by stabilizing the repulsive forces between the droplets. 31 Due to the quadruple moment of CO 2 and higher miscibility with H 2 O, a lower interfacial tension exists between CO 2 and H 2 O (<20 mN m ). 32, 33 As a consequence, CO 2 /H 2 O emulsions may be formed with only 0.1−2 wt % surfactant. The type of surfactant employed dictates the nature of the emulsion formed, and one entire phase may be dispersed in the continuous phase depending on the initial volume of each phase present. For example, fluorinated surfactants have been used to stabilize W/C emulsions and have been shown to increase the rate of the hydrogenation of styrene. 34, 35 Tween 80 has been shown to stabilize C/W emulsions at relatively low temperatures and pressures forming droplets of ∼0.5−5 μm in diameter. 36 The emulsion droplet size was controlled by passing the CO 2 /H 2 O mixture at different flow rates through a sand pack with pore diameters of 10 μm. Although droplet diameter was not investigated in the present work, the use of pulsed ultrasound compared to other methods of emulsification could provide several advantages, including an increase in the number and persistence of spatial reactive sites during the OFF stage of the cycle. In a previous study, we showed that ultrasound-induced mixing of the CO 2 /H 2 O biphase in the presence of 1 wt % Tween 80 led to a 10-fold increase in the mass transfer-limited rate of benzoyl chloride hydrolysis relative to emulsions that were only stabilized by ultrasound. 16 The presence of Tween 80 conferred greater stability on the emulsion, which persisted for over 1 h.
A CO 2 /H 2 O/1 wt % Tween 80 system showed a similar improvement in the rate of allylation, providing quantitative yields of the desired product in 2 h (Figure 3) .
Most noticeably, in the presence of Tween 80, the chemoselectivity of the reaction was dramatically improved, with the homoallylic alcohol product now being formed in >95% selectivity. Studies have demonstrated the partitioning of aromatic compounds in the hydrophobic core of microemulsions with reduced presence in the proximity of the ethylene oxide groups of the surfactant. 37 In the present case, benzaldehyde and allyl bromide would be transported from the CO 2 core to the interface, where more polar species reside.
Tween 80 has also been employed as an efficient ionophore 38 and as a phase-transfer catalyst for several reactions. 39, 40 The ability of Tween 80 to remove the mass transfer resistance by increasing the interfacial area is indicated by faster rates in its presence.
In assessing the extent of the physical limitations of a reaction, it is often appropriate to identify the Hatta number, Ha, which is defined as the ratio of maximum reaction rate to diffusion rate 41 . The intrinsic rate constant, k irr , may be evaluated by taking the pseudo-first-order rate constants for the allylation step (0.2−1.2 × 10 −3 s −1
, depending on allyl bromide, benzaldehyde and catalyst concentrations). 43, 44 Becasue these zinc-mediated allylations occur much faster in aqueous media, the reaction may be assumed to occur in the H 2 O phase rather than in the CO 2 phase, and thus, the mass transfer coefficient was modeled on benzaldehyde going from the CO 2 to the H 2 O side (k w = 1.5 × 10 −4 cm s −1 for the silent case and with an effective mass transfer coefficient due to sonication >1.9 × 10 −3 s −1 ). 16 Inserting these values into eq 1 generated Ha of 0.3−0.75, indicative of a slow reaction (only reactions with Ha > 2 are considered fast with a high dependence on mass transfer resistance). A comparison of the effective mass transfer coefficient and k irr revealed that both time scales approximated each other, indicating that the allylation is unlikely to be diffusion limited. An additional improvement to k orr (defined as the observed rate constant) was offered by the inclusion of Tween 80. Unlike for fast reactions such as the hydrolysis of benzoyl chloride, where the inclusion of Tween 80 led to a 10-fold increase in k orr (k orr was still almost 100 times slower than in pure water, k irr = 1.2 s
), 16 k orr for the allylation reaction in the presence of Tween 80 only led to a 4-fold rate increase, indicating that ultrasound was more likely to favor well-mixed conditions for the allylation reaction than for the hydrolysis We found that the chemoselectivity in favor of the allylation product could also be improved by performing the reaction at 60°C/120 bar (Table 1, entry 4) or by the inclusion of salts (Table 1 , entries 5−6). Recently, zinc-mediated allylations have been usefully employed as a method for obtaining a range of biologically active compounds. 45 Furthermore, an aqueous salt phase has been shown to greatly reduce reaction time in these allylations. 46 The role of salts in the Barbier reaction has been shown to depend on the nature of the halide anion used, 47 and although uncertain, it is thought that their presence may be responsible for activation of the metal through interaction of anionic species (most frequently chloride ions) with the passive oxide film. 48 Inclusion of an aqueous phase, saturated with either NaCl or NH 4 Cl, led to increased chemoselectivities in favor of the homoallylic alcohol product. The effect of salts on the rate was further investigated by varying the countercation, counteranion, and salt concentration (Figure 4) . A pseudo-firstorder relationship with respect to benzaldehyde was assumed. 49 Inclusion of saturated solutions of NaCl and NH 4 Cl resulted in improved chemoselectivity, with the allylation rate being between 2 and 4 times higher than when just water was employed as the aqueous phase. The use of a 3 M NaCl solution as the aqueous phase led to a lower rate of allylation, suggesting that the chemoselectivity may depend on the salt concentration. In order to rule out any specific mechanistic involvement by the chloride counteranion, 3 M NaBr was also tested as the aqueous phase; however, a similar result was observed. Interestingly, when the counteranion was dihydrogen phosphate, the chemoselectivity was reversed in favor of the reduction product. This particular effect could be related to the pH of the reaction mixture, which was significantly lower in samples containing the dihydrogen phosphates than with the halide salts (pH 4.0−4.4 with the dihydrogen phosphates compared to 5.6−6.9 with the halides).
ACS Sustainable Chemistry & Engineering
CO 2 /H 2 O/salt systems are of high environmental significance in geological sequestration and enhanced oil recovery techniques. The presence of salts had a salting-out effect on the homoallylic alcohol product, producing a decrease in its concentration in the aqueous phase and an increase in the CO 2 phase ( Figure 5 ). The literature describing quaternary systems of CO 2 /H 2 O/salt/solute is scarce. Wagner et al.
reported a 2.7-fold increase in the K CW of phenol when NaCl was included at ∼3 M. 50 Sieder and Maurer observed a saltingout effect and a 2-fold increase in the K CW of acetic acid when NaCl was included at 1.5 M. 51 Similarly, the K CW of the homoallylic alcohol product showed a 1.6-fold increase with the inclusion of NaCl up to 6 M. The reduced effect observed, compared to that reported for phenol and acetic acid, may be due to the homoallylic alcohol being more hydrophobic than these compounds and experiencing a less marked change in the solubilities of both phases.
In order to investigate if the reduction side-reaction was influenced by the choice of metal, the Barbier reaction was next assessed with tin metal. Tin is a useful promoter for several synthetic transformations. 52 While it possesses a lower first ionization energy than zinc, its use in allylation reactions has been shown to require prior activation by inorganic acids 53 or ultrasound, 54, 55 through the use of tin nanoparticles, 56, 57 or its use in combination with salts such as NaBF 4 . 58 In the present system, allylation was only observed when tin metal was employed at 60°C/120 bar ( Table 2 ).
The addition of NaCl significantly improved the yield of the homoallylic alcohol product at this temperature and pressure, indicating that these two factors may be working in synergy. Thus, in the presence of NaCl at 60°C/120 bar, tin metal could be used with the other two reagents in equimolar ratios. Bismuth has recently attracted attention as a safer alternative to tin for mediating Barbier reactions; however, even at 60°C/120 bar, bismuth powder did not lead to any product formation.
The reactions were next performed with different allyl reagents and a range of substituted aromatic aldehydes (Table  3) . In order to improve the cost efficiency of the reaction, cheaper allyl chloride would be preferred over allyl bromide, even if this were at the expense of longer reaction times. 59 Unfortunately, in the present case, the reaction did not proceed satisfactorily with allyl chloride, and most of the benzaldehyde underwent preferential reduction. The inclusion of sodium or potassium iodide can be used to improve the conversion of allyl chloride in the Barbier reaction, with iodide participating in a Finkelstein reaction with the allyl chloride, generating the more reactive allyl iodide in situ. Indeed, allyl chloride was able to form the homoallylic alcohol product, albeit in moderate amounts, when SnCl 2 /KI was employed at 60°C/120 bar; however, this offers no synthetic advantage over the use of allyl bromide. The use of allyl alcohol did not lead to any product formation even under forcing conditions. The allylation reaction proceeded efficiently with various other aromatic aldehydes (Table 3 , entries 4−7). Aromatic aldehydes were chosen as examples as they are the most structurally relevant substrates for many applications. Indeed, they form >90% of all substances entering the R&D programs of major pharmaceutical companies. 60 4-Methylbenzaldehyde showed lower reactivities for the allylation and reduction reactions (entry 4), while 4-methoxybenzaldehyde also exhibited lower chemoselectivity for the homoallylic alcohol product (entry 5). With both substrates, the yield and selectivity could again be improved by including NaCl in the aqueous phase. The reaction with the more electrophilic 2-chlorobenzaldehyde generated a high yield of the corresponding homoallylic alcohol product, even in the absence of NaCl (entry 6). Finally, the reaction with (E)-cinnamaldehyde (entry 7) occurred regioselectively, affording the 1,2-addition compound as the major product.
The ability to recover products from dense CO 2 as an immiscible counter phase is of significant interest in reaction or extraction procedures. 61 Separation procedures are highly flexible in CO 2 /H 2 O biphasic systems, as either the water phase or the CO 2 phase may be recovered. In an industrial setting, an ideal strategy would involve complete discharge of the metal-containing aqueous phase at constant pressure through an opening in the bottom of the vessel, followed by isolation of the product by depressurization and compression and recirculation of the CO 2 vent. However, such an opening was not present in our reactor, so that the aqueous phase could only be collected through a dip tube, potentially leading to unwanted mixing of the product with any remaining water present at the bottom of the reactor during depressurization. The product was therefore isolated by passing the CO 2 fraction into the view cell (item 11, Figure 1) . In order to ensure removal of any water present in the CO 2 phase and to facilitate emulsion breakdown, 50 mL of water was slowly collected by opening valves V2 and V5, while the reactor pressure was maintained between 80−100 bar via pump P1. The product containing the CO 2 fraction was passed into the view cell, the pressure of which was controlled below 30 bar with valves V4 and V6 to ensure that the CO 2 in the view cell was in gaseous form and did not carry any product when vented from the outlet. An additional automated back pressure regulator in place of valve V4 would simplify this procedure and significantly reduce operating time. The colorless crude product mixture, which was condensing in the view cell, was monitored by observing the position of the meniscus through the windows. By following this separation procedure, the isolated yield for the homoallylic alcohol product from the zincmediated allylation of benzaldehyde by allyl bromide was 76% and 58% in the presence and absence of salt, respectively. Collecting all of the fractions and extracting the aqueous phase with Et 2 O led to improved isolated yields of 88% (with salt) and 64% (without). The differences observed between these isolated product yields obtained by the "in situ separation" method and the more traditional extraction method using an organic solvent may be ascribed to residual product losses to the water phase during depressurization. Furthermore, following experiments in which salt was included, the top CO 2 fraction contained roughly 10 wt % of water, possibly arising as a result of enhanced stability of the CO 2 /H 2 O/salt emulsion. Therefore, further studies would be required to assess the stability of these salt-containing dispersions and improve their breakdown for more efficient recovery of the product. Finally, it was estimated that by exploiting the tunable solvent power of CO 2 over a range of temperatures and pressures, the solubility of benzaldehyde could potentially increase up to 7-fold (from 0.025−0.18 g g −1 at 100°C/200 bar), 62 allowing ∼0.85 mol of benzaldehyde to be processed per batch (based on 500 g of CO 2 ).
■ CONCLUSIONS
The zinc-mediated Barbier allylation represents an example of an important synthetic reaction, which we show in the present study, can be performed in subcritical CO 2 in the presence of a polar medium, specifically an aqueous phase. The inability of the reaction to progress effectively in only CO 2 justifies the use of a CO 2 /H 2 O biphasic mixture. The CO 2 phase offers an environment for solubilizing the hydrophobic (organic) reagents and critically also allows preferential partitioning of the homoallylic alcohol product, facilitating its recovery from the aqueous phase. Separation of the mixture following the reaction was straightforward and afforded moderate isolated yields of solvent-free allylation product in relatively short reaction times. The replacement of organic solvents by CO 2 thus allowed clean synthesis while avoiding further energyintensive work-up stages. Cheap commercially available zinc dust proved to be an efficient and safe promoter for the reaction. A range of mediators and conditions were explored in order to assess the effects on yields and chemoselectivity. Experiments using Tween 80 (a biocompatible surfactant able to stabilize emulsions with higher interfacial areas), saturated salt solutions as the aqueous phase, and higher temperatures suggest that the improved yields and chemoselectivities for the homoallylic alcohol product were the result of rate enhancements over the competing zinc-mediated reduction. In terms of mixing capacity, pulsed ultrasound provided an efficient mechanism for dispersing and mixing of the phases, while ensuring operation in the kinetically-controlled regime.
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